Two prokaryotic organisms for which transcriptional regulatory interactions have been well elucidated by experimental means are Escherichia coli and Bacillus subtilis. Here we show, with the help of simulations and from known data, the importance of proximity of the transcription factor gene and the respective regulated gene in regulatory networks. We discuss the importance of the location of external sensing machinery close to the genes for transcription factors that regulate them in light of our finding.
INTRODUCTION U
NDERSTANDING AND ELUCIDATING the transcriptional regulation of a genome is one of the central goals of molecular biology. However, until recent developments in high-throughput experiments (Lee et al., 2002; Kim et al., 2001) , most of the regulatory interactions were assigned using traditional experimental techniques, and thus the data regarding transcriptional regulatory interactions have been rather scarce. With the increasing information on regulatory networks, several properties related to their topology have come to light such as the existence of network motifs Milo et al., 2002) , scale-free characteristics (Wagner and Fell, 2001; Ravasz et al., 2002; Resendis-Antonio et al., 2005) , and others. However, very little is known about the significance of the arrangement of genes within the genome and its relationship to the regulatory network architecture. Although two recent papers have analyzed this question using either available microarray data (Korbel et al., 2004) or based on known regulatory networks (Warren and Wolde, 2004) to study the importance of divergent operons, there has been no comprehensive analysis of the importance of genomic arrangement for the regulatory network. Here we make a first attempt to study the importance of proximity of the transcription factor and its target genes on the genome, and compare them with re-arranged hypothetical genome samples by using a metric of gene distances.
MATERIALS AND METHODS

Data of regulatory interactions
We obtained the regulatory interactions for Escherichia coli from the current version of RegulonDB (Salgado et al., 2004) , and those for Bacillus subtilis were obtained from DBTBS (Makita et al., 2004) . The current version of RegulonDB has 1420 interactions, while there are 1032 for B. subtilis. From this dataset, we excluded auto-regulatory interactions and those which could not be mapped to the genbank version of the genome. Our final dataset contained 1370 interactions in Escherichia coli and 680 in Bacillus subtilis.
Distance metric for measuring proximity
A metric of distances between genes was defined as the minimum number of intervening genes between gene A and gene B. In E. coli and B. subtilis, there are two possible paths for traveling from gene A to gene B due to the fact that the chromosomes are circular; the smaller value of the two was chosen as the metric.
Random permutation of genes on chromosomes
Let G be the set of all the genes in a genome, and P a sequence of genes representing a randomly constructed hypothetical genome sample, which initially is the empty sequence P ϭ . The algorithm to create the random permutation takes one element of G at random and concatenates it to P; it does this until G is equal to the empty set. We obtained 1000 such random permutations using the original genome sequences of Escherichia coli (GenBank accession no. NC_000913) and Bacillus subtilis (GenBank accession no. NC_000964).
RESULTS
Simulation studies reveal the significance of proximity in regulatory networks of Escherichia coli and Bacillus subtilis
In order to understand how the order of genes in the genome is related to the topology of the regulatory network, a study of the distance between the transcriptional factor gene and its corresponding set of regulated genes was performed. In principle if one takes the genes, along with their regulatory regions in the genome, and makes a random permutation of them, then the topology of the regulatory network should not change, whereas on the contrary changes in its dynamics could be quite relevant. Certainly, when a transcriptional factor (TF) is expressed, it must travel inside the cell to reach the binding site region of its regulated gene (RG), so the rate of synthesis or repression of the RG could be correlated with the time the TF needs to find its operator DNA site. Under diffusion-limited conditions, such time could indirectly depend on the distance between genes (TF and RG) inside the genome as there is a time lag between the TF synthesis and its ability to effect the operator site. Such spatial distance depends on the location of different features on the chromosome and their organization. We contemplated the problem to understand if there is any significance of proximity of the TF and RG in regulatory networks by comparing the actual genome data to randomly arranged chromosomes of the genome under consideration. We are simplifying the problem to the linear metric in circular chromosomes. Thus, our results must be taken with caution. If the hypothesis is right then evolution must have arranged the positions of the genes on the genome in order to minimize the distance of genes participating in a regulatory interaction. The distribution of distances was calculated and compared with the distributions obtained with random permutations of the genes. As can be seen in Figure 1a , it is clear that the distances in the real arrangement are quite low compared with distances in permuted ones suggesting a marked significance for the arrangement in the genomes studied. In Figure 1b , we show the distribution of the interactions in the regulatory network of Escherichia coli for low gene-distances. To measure the significance we calculated the Z-score of the distance distribution for the genome arrangement compared against the random arrangements at different intervals of gene-distances (shown in Fig. 1a by the curve). It is clear from the peak of the z-score distribution curve in the gene-distance range of 0-100 that TF-RG interactions have a significant tendency towards lower distances in the genome. The z-score for the E. coli genome arrangement in the gene-distance range of 0-100 was more than 33, implying that most of the interactions in the actual regulatory network occur within short intergene distances, strengthening a previous study done independently using microarray data (Korbel et al., 2004) . A similar analysis was performed using the known Bacillus subtilis regulatory network. In Figure  2 , we show the distance distributions in the regulatory network of B. subtilis compared against the distances in randomly generated sequences of the same size. The data for B. subtilis simulations and a figure show- 
Regulon-wise distance analysis between TF and regulated genes
To further test our hypothesis that genomes are linearly constrained to arrange their genes to minimize the distances between the transcription factor and the genes which they regulate, we sought to answer a simple question, whether the tendency described above is true when one looks at each regulon. To answer this question we collected the complete set of regulons (defined as the set of genes which are regulated by a given transcription factor gene) from the regulatory networks and tested for the behavior observed above, for each regulon.
In Figure 3 , we show the average distance distribution between TF and the regulated genes in the genome of E. coli grouped by regulons, compared against the average of the distance distribution from 1000 rearranged genome samples. As can be noticed from the z-scores in the figure it is clear that most if not all regulons have this tendency. We noticed that 15 out of 89 regulons being analyzed are deviating from this tendency. The transcription factors which deviate the trend slightly, include ArcA, TyrR, CysB, FadR, BirA, and NadR. While those which are deviating to a significant extent include lrp, FruR, SoxS, OmpR, rob, GalR, cbl, SdiA, and CspA. From these results one can say that around 17% of the regulons deviate from this trend in E. coli. We wanted to understand if this behavior is the same in B. subtilis and so repeated the entire analysis using its regulatory network. Interestingly, we obtained very similar results when we analyzed the distance distribution in B. subtilis, except that we found 23 out of 103 regulons deviating, which is ϳ23% of the regulons being analyzed. The details showing the analysis for B. subtilis genome can be seen in supplementary information. From the observed number of regulons (in E. coli and B. subtilis) which deviate from the distance restriction we present here, we can say that around 20% of the regulons would be deviating from this rule in a prokaryotic genome. We believe that the deviation could be due to one of the several possible reasons: (a) The distances could be high in linear sense, but there might be spatial constraints that were not accounted in this study for generating randomized arrangements. (b) The genome is MENCHACA-MENDEZ ET AL.
FIG. 2. Distribution of regulatory interactions in real and permuted arrangements for the Bacillus subtilis genome (on x-axis is the gene distance measure).
still in the process of optimizing the arrangement to shorten the distances, and so the arrangement in the genome under consideration is not the optimal arrangement. Irrespective of the reason for the deviation, it will be interesting to observe the trend in other genomes, as transcriptional regulatory interaction information is available.
Significance for the encoding of extracellular sensing machinery close to the transcription factors that regulate them
In a recent study, we tried to answer how E. coli cell uses its TFs repertoire to sense and respond to external and internal conditions (Martinez-Antonio et al., unpublished data). We found that most of the known TFs require signal metabolites to modulate their activities and so we used a cellular location criterion, for these signals, to define if the TFs are sensing internal or external cellular conditions. The TFs were classified on the basis of the cellular location of the signal; for instance, if the affecting signals are localized outside of the periplasm, then these TFs are sensing the extracellular or exogenous environment. If the signal is inside the periplasm (e.g., synthesized by the cell, or redox), then the TFs are sensing intracellular or endogenous conditions. TFs sensing external conditions could be subdivided into those forming part of two-component systems and those using metabolites transported into the cell. TFs for internal sensing were divided into those using metabolites synthesized by the cell and those for DNA-bending (such as IHF, FIS, HNS, and HU).
In both the systems for sensing extracellular signals we found that most of the TFs and signal genes tend to be physically near on the chromosome (Table 1 , columns 4 and 5). For intracellular sensing, the TF gene and their signal genes (mostly enzymes) tend to be far in the chromosome (Table 1, sults indicate the tendency of the extracellular, but not intracellular, sensing machinery genes to be located in close physical proximity to genes for their transcription factors. This might be due to the need for rapid response to external stimuli, such as presence of metabolites and could be a shared characteristic of all prokaryotic organisms.
DISCUSSION
We have shown that gene proximity is an important feature of regulatory interactions in both gram-negative bacterium, Escherichia coli, and its gram-positive counterpart, Bacillis subtilis. The work was limited to linear proximity analysis, although future work should also consider the proximity of the transcription factor gene and the genes which it regulates in spatial sense, that is, taking into account the topology of the chromosomes. Considering the spatial patterns of gene expression variation could have significant impact on the overall study as has been observed in recent studies using experimental data (Peter et al., 2004; Jeong et al., 2004) . As more information about regulatory interactions becomes available for at least the model organisms it would be possible to study the topology of the genome based on our observations that the genome optimizes genetic arrangement for efficient regulatory interactions.
Another future direction could involve a critical analysis of the importance of two transcription factors acting on a single structural gene: a common motif found in known regulatory networks is the feed-forward loop which comprises two regulators acting on a single gene . One possible reason for the presence of two transcription factors could be the need for local regulation to enhance control; one TF would act in the neighborhood while the other would be a global transcription factor. At first glance it might appear that a global regulator gene can not be in close proximity to all the genes it regulates. Notice that none of the 17 regulons deviating the tendency are global regulators, although some of them have an important number of regulatory binding sites. Further work should help us better understand the importance of genomic arrangements in relation to the regulatory networks that govern the transcriptional response of the cell. a Chromosome distance is considered in terms of operon arrangements. A separation of 15 genes or less is considered as near, because that is the size of the largest operon in E. coli K-12.
